Phosphogypsum (PG) is a Naturally Occurring Radioactive Material (NORM) generated as a waste product during the "wet process" of phosphoric acid production (1) (2) (3) . PG radioactivity originates from the natural radioactivity of phosphate ore -a raw material used in the production. PG contains different quantities of natural radionuclides, mostly 226 Ra, which incorporate into it during phosphate ore processing (4) . As a waste product, PG is usually deposited near factories; however, during the last decade, investigations have focused on its use in agriculture, as building material, and as backfill for road construction (2, 4, (5) (6) (7) (8) (9) .The Republic of Croatia has only one PG deposition site, located at the edge of the Lonjsko Polje Nature Park. So far, ~4 million tonnes of PG have been deposited there (10) . In 2009, the production of phosphoric acid ceased, barring any new PG deposition. However, the plundering of PG with machinery continues and this may lead to exposure for the workers.
Investigations on the spread of PG from this deposition site to the environment were performed recently (11) . The results showed that PG particles spread across the surroundings of the deposition site. Therefore, higher activity concentrations of natural radionuclides were to be expected in the soil and biota sampled outside the very site..
The specific location of the deposition site required a close examination of the surrounding ecosystem. Natural radionuclides in PG may affect the complex ecosystem of the Lonjsko Polje Nature Park, which is home to different wild and domestic animals that graze in the vicinity of the site on a daily basis, as the site is not fenced. Also, doses originating from the natural radionuclides in PG may cause health problems for occupationally exposed workers as well as the local population since there is a village about 200 m from the site. Apart from radioactivity, chemical compounds, trace elements, as well as PG acidity are also reason for concern (3) .
Due to the specific location of the site and the quantity of the PG, continuous and thorough investigations of the deposition site and its surroundings are vital. The general objective should be to preserve the stability of the specific ecosystem surrounding the site as well as protect the health of the workers. This study aims to contribute to this goal.
MATERIALS AND METHODS

Study design
The present study examined the activity concentrations of natural radionuclides ( 238 U, on the earth embankment dam surrounding the site were analyzed. The results were compared to measurements of radioactivity in soil samples from the Zagreb region (NW Croatia) (12, 13) . The nearby area of the PG deposition site is used by local inhabitants for pasture (cattle and sheep). The most important pathway of animal contamination by radionuclides is through the ingestion of contaminated soil and feed. Ingestion of feed gives the highest contribution to animal contamination since the availability of radionuclides from ingested soil is low (14) . To evaluate the suitability of the studied area for pasture, an assessment of radionuclide transfer from grass to animal products (milk and meat) was done using concentration ratios provided by the International Atomic Energy Agency (IAEA) (15) .
The radiological risk of PG on non-human biota in the vicinity of the deposition site was estimated by the ERICA (Environmental Risk from Ionizing Contaminants: Assessment and Management) Assessment Tool. This software enables the assessment of radiological risk from ionising radiation to wildlife by calculating dose rates received by different groups of animals and plants -socalled reference animals and plants. This includes a database of default radionuclides, distribution coefficients, concentration ratios, and dose conversion coefficients that enable dose rate calculations from input data. Also, the software is able to identify radionuclides that contribute to the dose rate the most as well as the most exposed organisms (16) (17) (18) (19) . It is important to note that, within the ERICA Tool, the list of reference organisms is formed by amalgamating terrestrial ecosystems into a single representative seminatural ecosystem. ERICA uses default geometries of the corresponding reference organisms proposed by the ICRP (20) . Hence, reference organisms do not directly represent specific animal or plant species in the ecosystem under consideration. In addition, the ERICA Tool includes a number of methods for addressing various types of uncertainties during ecological risk assessment (21) . Different tiers can have different approaches to dealing with uncertainties. In Tier 2, (the screening tier) the uncertainties can be large, so quantitative uncertainty analysis is impossible, hence conservative estimates and assumptions result in a worst-case estimate of risk and ensure that exposure, even if uncertain, is overestimated (21) .
The determined activity concentrations of soil and grass in the vicinity of the PG deposition site were used as input parameters for dose assessment to terrestrial animals and plants within the Tool. All of the reference animals and plants available within the software were selected for screening possible radiological risks to the terrestrial biota.
Since PG is widely used as an additive in building and construction industry, and the planning of remediation of the site is in progress, the radiological effects of PG were estimated by calculating the radium equivalent index (Ra eq ), activity concentration index (I), external absorbed dose rate ( D  ), and annual effective dose (E).
Sampling site
The studied deposition site (Figure 1 ) is located in the central part of Croatia, at the edge of the Lonjsko Polje Nature Park, some 4 km south from a fertilizer plant (45°26'38.67'' N and 16°44'40.76'' E).
The deposition site is not fenced and, although there is a surveillance on site, animals and humans can walk on the site and the earth embankment dam freely.
The waste pile has a surface area of 1.6 km 2 and an average depth of 4 m.
Workers use machinery to plunder the deposited PG on a daily basis.
Sample collection, preparation, and measurements PG samples were collected at the deposition site according to Figure 1a . The measurement grid was set to cover most of the surface of the deposition site. Since PG is constantly plundered and moved from one side of the pile to another, it was important to measure the radioactivity of both surface and in-depth samples to get better overall status of the activity concentrations thorough the pile.
Surface samples (0-20 cm) were collected at 15 locations, while in-depth samples were collected at 50, 100, 150, and 200 cm at 5 locations.
The samples were dried at 105 °C for 24-72 h and packed in Marinelli beakers of 1 L. Soil and grass samples were collected across the earth embankment dam according to Figure 1b . Soil samples were collected from an uncultivated surface using a corer tool (Ø=10 cm; 10 cores; depth 20 cm) from a surface area of 1 m 2 , sieved (2 mm), dried at 105 °C for 3 days and ashed at 450 °C. Soil samples were packed in Marinelli beakers of 1 L. Grass samples were cut 5 cm above the ground, dried at 105 °C for 24 hours and ashed at 450 °C. The samples were packed in sealed plastic cylindrical containers of 100 or 200 mL.
All of the samples were stored for at least 30 days to allow the re-establishment of secular equilibrium conditions between 226 Ra and its short-lived decay products. All sampling and sample preparation were performed according to the standardized procedures of the IAEA (22) . The measurement time was set to at least 24 h.
The samples were gamma-spectrometrically analysed in the laboratory using an HPGe detector (ORTEC, USA) (FWHM 2.24 keV at 1. 
Estimation of radiological risk on non-human biota
Tier 2 from the ERICA Assessment Tool was used. Key differences in the tiered approach (there are 3 tiers in the ERICA Tool) are flexibility in calculations, data requirements, and the provision of concomitant contextual information (16) . The purpose of Tier 2 is to identify and screen out situations with low probability of significant radiological impact on non-human biota (16, 24) . It was therefore used for the calculation of the radiation exposure dose rate for terrestrial organisms due to radionuclide content of the soil and grass in the vicinity of the PG deposition site. As input data, average soil and grass activity concentrations for specific radionuclides were used, since field data did not show high diversity in activity concentrations between sampling points. Inputs of the best estimated activity concentrations for media and organisms are also recommended by the software guidance document for Tier 2 (25) . In the software database, there is no data for 40 K; therefore it was excluded from the calculation. All of the terrestrial reference organisms were included in the assessment. A dose rate of 10 μGy h -1 was used as the screening confidence level below which radiological risks are negligible (26) . This value is lower than the value proposed by the IAEA (27) and UNSCEAR (28) for terrestrial animals (40 μGy h -1 ). The ratio between the estimated total dose rate for reference organisms, tand the selected screening dose rate produces a risk quotient (RQ) Bituh (Google Earth, 2014) for each organism included in the assessment (16) . Other parameters were left at their default values: concentration ratios for reference organisms (other than grass and herbs), occupancy factors, radiation weighting factors, and uncertainty factor.
Estimation of radiological effect on workers and the general population
The radiological effect of phosphogypsum and soil on occupationally exposed workers and the local population was calculated through the radium equivalent index, activity concentration index, external absorbed dose rate, and annual effective dose.
The radium equivalent index (Ra eq ) is used to define a uniform value in respect to radiation exposure. It is used to present the radioactive hazard of building materials and is calculated using the following formula (29, 30 K produce the same gamma ray dosage (30, 31) .
The activity concentration index (I) for the gamma radiation emitted by building materials must be less than unity in order to keep the radiation hazard insignificant, i.e. the annual radiation exposure due to the radioactivity from building materials is limited to 1 mSv. European Council Directive 2013/59/EURATOM (32) defines I as follows:
The guidelines provided by UNSCEAR (33) provide the absorbed dose rates ( D  ) in nGy h -1 ) due to gamma radiation in air at 1 m above the ground for uniform distribution of naturally occurring radionuclides ( 226 Ra, 232 Th, and 40 K). The absorbed dose rates are calculated as follows:
The annual effective dose (E) in mSv was calculated according to UNSCEAR (33):
where 0.7 Sv Gy -1 is the conversion coefficient from the absorbed dose in air to the effective dose received by adults, while 0.2 is the outdoor occupancy factor.
Additionally, the transfer of radionuclides from grass grown in the studied area to animal products, meat and milk, was assessed by concentration ratios (CR). The CR is the ratio of the radionuclide activity in a food product (Bq kg -1 f.w.) divided by the radionuclide concentration in feed (Bq kg -1 dry matter). It is useful in field studies because the dietary intake does not need to be calculated (15) . Therefore, our assumption was that animals were fed solely by the grass grown at the investigated location. The average activity concentrations of radionuclides in grass were used. Since the IAEA (15) does not include data on CR for 226 Ra in cow's milk, the transfer coefficients (F m ) and daily dry matter intake values were applied, according to the IAEA (14) . The transfer of 232 Th from grass to milk was not assessed due to a lack of available data, as was also the case with the transfer of 226 Ra to sheep milk.
RESULTS AND DISCUSSION
The impact of the phosphate industry on the natural environment is the focus of investigations worldwide. The specific location of the studied deposition site also calls for a close examination of the surrounding ecosystem.
The data presented here might be of relevance for the scientific community dealing with radioecological assessments. By using the ERICA Tool, the radiological risk to biota could be assessed regardless of obtained knowledge on the activity concentrations of radionuclides in the analysed samples. A similar approach was also used in previous studies (19, 34) .
One of the main reasons for adopting such a study approach was the fact that some of the plans regarding the future management of this deposition site include its possible remediation; through the use of PG as a building material in road construction and in gypsum board production. Therefore, we used a conservative approach of calculating the risks for local inhabitants, workers, animals, and biota.
Activity concentrations
To extend the investigations covered by our previous publication (11) which reports the extent of the PG spread, the present study focused only on the natural radionuclides 238 Pb, and 40 K, respectively).
The activity concentrations of natural radionuclides in grass samples collected at the earth embankment dam showed that the average values were comparable with grass samples for the Zagreb region for all natural radionuclides (12) . Also, the values are comparable with investigations conducted in other countries (2, 36) .
Radiological effects on non-human biota
The results of the radiological risk assessment performed with the ERICA Tool are shown in Table 2 Table 2 . Dose rates for all of the reference organisms were lower than the selected screening dose rate limit of 10 μGy h ). Total dose rates for specific radionuclides and reference organisms are shown in Figure 2a . It is evident that the most important contributor to the total dose rate was 226 Ra (91 %).
226
Ra is a radionuclide with higher dose conversion coefficients, especially for internal alpha radiation.
All of the studied radionuclides showed maximum dose rates for lichen and bryophytes, which confirms their unique role as bioindicators of radioactive contamination (38) .
The expected risk quotient (RQ) values are shown in Figure 2b . The expected RQ for reference terrestrial organisms in the area of investigation was low (the highest RQ<0.2). Together with the uncertainty factor, it indicates that there was a less than 5 % probability that the absorbed dose rate to any organism will exceed the screening dose rate.
Based on these results, it could be concluded that the spread of PG particles from the investigated PG deposition site into the environment did not affect the terrestrial environment in such a way that would raise concerns from the radioecological point of view (the highest calculated value was five times lower than the set screening dose rate limit).
Radiological effect on workers and general population
Using values obtained from measurements of activity concentrations of 226 Ra, 232 Th, and 40 K, the radium equivalent . These results are in accordance with earlier direct dose rate measurements conducted on the same deposition site using electronic dosimeters (11) . However, all of the calculated annual effective dose values were lower than reported in UNSCEAR (33) . Figures 3a and 3b show the annual effective doses for surface and in-depth samples, respectively. The values ranged from 0.08 to 0.93 mSv. The worldwide average annual effective dose is 0.43 mSv, with the results for individual countries being within the range of 0.3-0.6 mSv (33). As seen in Figure 3a , almost all of the surface samples were within the range of 0.3-0.6 mSv (dotted lines), while some annual effective doses calculated for in-depth samples (Figure 3b) slightly exceeded the index, activity concentration index, absorbed dose rates, and annual effective doses from PG were calculated and summarized in Table 3 .
The radium equivalent index for PG samples was calculated using equation (1) worldwide averages. The risk for occupationally exposed workers could be significant; however, since plundering PG with machinery is not performed on an hourly basis, the workers are not exposed constantly.
The radiological effects were also calculated for soil samples collected from the earth embankment dam surrounding the PG deposition site ( Table 3) . The results showed lower values for Ra eq and I (<1 in all samples).
Dose rates and annual effective doses were lower compared to world averages. There is no radiation hazard for occupationally exposed workers. Compared to the soil samples from the Zagreb region (0.07 mSv), the calculated doses were slightly higher, which could be explained by the spread of PG particles across the earth embankment dam (11) .
This study did not calculate the inhalation dose for occupational workers, because according to the ICRP (39) such a calculation is generally recommended for particles 1 and 5 μm in diameter. Considering that the average PG particle size was ~40 μm, they were likely withheld in the upper part of the respiratory tract.
The results of radionuclide transfer from grass to animal products are shown in Table 4 Due to the lack of data on natural radionuclides in local meat and milk, we compared our results data from other sources and established that they are reasonably similar (40) (41) (42) . Also, they are below the internationally maximum permitted levels of radioactive contamination in foodstuffs and below or similar to the proposed safe values of radionuclides in food and feed (43) . It can therefore be concluded that the area surrounding the PG deposition site is suitable for agricultural use, e.g. for pasture.
CONCLUSIONS
The allocation of a deposition site near an ecologically sensitive environment is not specific to Croatia. PG is commonly deposited worldwide in rivers, sea water, lakes, near forests, etc. (1, 2, 4, 44 K) in soil, PG, and grass samples. Results showed that activity concentrations in PG vary with the origin of the phosphate rock used in production, which is in accordance with investigations performed in other countries. The PG deposited at the studied location cannot be used as a building material by itself. However, if it is mixed with other materials and the resulting composite has I<1, it could. The average annual effective dose for occupationally exposed workers (with regard to the time spent on the site) was 0.4 mSv, which is within the worldwide range. Some annual effective doses calculated for in-depth samples exceeded worldwide averages due to differences in activity concentrations of the deposited PG.
It must be noted, however, that due to uncertainties arising from estimations and assumptions our conclusions are conservative estimates and can only serve for screening purposes. 
Mjerenje i modeliranje radiološkog utjecaja odlagališta fosfogipsa na okoliš
Fosfogips je nusproizvod koji nastaje tijekom proizvodnje fosforne kiseline, a karakteriziran je tehnološki povišenom prirodnom radioaktivnošću. Odlagalište fosfogipsa u Hrvatskoj nalazi se na rubu Parka prirode Lonjsko polje, osjetljivom ekosustavu potencijalno ugroženom od čestica fosfogipsa. Istraživanje opisano u ovom radu sagledava dva aspekta značajna za radiološki utjecaj fosfogipsa: procjenu rizika za okoliš te procjenu rizika za profesionalno izložene radnike i lokalno stanovništvo. K) izmjerene su u uzorcima fosfogipsa uzetima s odlagališta te u uzorcima tla i trave uzetima u blizini odlagališta. Za modeliranje utjecaja fosfogipsa na okoliš (biotu) korišten je program ERICA Assessment Tool. Prosječna godišnja efektivna doza za profesionalno izložene radnike iznosila je 0,4 mSv, što je na razini svjetskog prosjeka.
